Abstract In this work the effects of O2 concentration on the pulsed dielectric barrier discharge in helium-oxygen mixture at atmospheric pressure have been numerically researched by using a one-dimensional fluid model in conjunction with the chosen key species and chemical reactions. The reliability of the used model has been examined by comparing the calculated discharge current with the reported experiments. The present work presents the following significant results. The dominative positive and negative particles are He + 2 and O − 2 , respectively, the densities of the reactive oxygen species (ROS) get their maxima nearly at the central position of the gap, and the density of the ground state O is highest in the ROS. The increase of O2 concentration results in increasingly weak discharge and the time lag of the ignition. For O2 concentrations below 1.1%, the density of O is much higher than other species, the averaged dissipated power density presents an evident increase for small O2 concentration and then the increase becomes weak. In particular, the total density of the reactive oxygen species reaches its maximums at the O2 concentration of about 0.5%. This characteristic further convinces the experimental observation that the O2 concentration of 0.5% is an optimal O2/He ratio in the inactivation of bacteria and biomolecules when radiated by using the plasmas produced in a helium oxygen mixture.
Introduction
In recent years the cold atmospheric pressure plasmas have been widely applied in the fields of biomedicine, nanotechnology, and environmental protection. In biomedicine applications, including cancer therapy, sterilization, dermatological therapy, dental care, and wound healing, the cell apoptosis and bactericidal effects induced by atmospheric pressure plasmas have achieved increasing attention [1] . It has been found that a reactive oxygen species (ROS) plays an essential role in these applications. Therefore, the full understanding of the evolutionary process of the ROS in the discharge could conduce obtaining a deeper perception into the mechanisms of reciprocities between plasmas and active tissues and thus to regulate the ROS in the plasmas for the optimal effects in biomedicine applications.
Helium oxygen (He-O 2 ) mixture as a plasma synthetic gas can provide the reactive oxygen species (ROS) with high density, mainly including ground state atomic oxygen, single delta oxygen, excited atomic oxygen, and ozone. The non-equilibrium atmospheric pressure radio-frequency helium oxygen discharges have been investigated experimentally and numerically [2−4] , where the excitation is the continuous sinusoidal voltage. With the development of the pulsed power technology, unipolar and reduplicative voltage pulses with a submicrosecond or nanosecond pulse width have been adopted to drive DBDs (dielectric barrier discharges) for obtaining stable and homogeneous plasmas [5−7] . Following these, the atmospheric pressure pulsed DBDs in air and in helium oxygen mixture have been investigated experimentally [8] , aiming at contrasting characteristics of the glow discharges in the two gases. In addition, the atmospheric pressure plasma jets with the use of the pulsed voltage excitation in helium nitrogen and helium oxygen mixtures have also been utilized for examining the effect of the charged particles in the inactivation process of bacteria [9] . In spite of the reported experiments on oxygen-containing atmospheric pressure plasmas, it still is of great necessity to use numerical simulation to further investigate the key issues for the reactive oxygen species produced in the DBD in oxygen-containing gases by reason of the diagnostic techniques being not fully perfect at present.
In this work, the pulsed DBDs in helium oxygen mixture at atmospheric pressure are researched numerically, based on a one-dimensional fluid model in conjunction with the chosen key species and chemical reactions. The used model is verified by comparing the calculated discharge current with the reported experiments. The emphasis is on the effects of oxygen concentration on the pulsed DBDs, especially on the ROS, including the spatial distributions of the ROS densities in the discharge gap, the oxygen concentration dependences of the averaged densities of the ROS, and the analyses for the predominant production and destruction processes of ground state atomic oxygen, single delta oxygen (SDO), excited atomic oxygen, and ozone.
Simulation model
A one-dimensional fluid model, which has been validated in the previous publications on the pulsed DBDs in pure helium at atmospheric pressure [10, 11] , is used in the present simulation. In addition, 17 key species and 48 chemical reactions are selected for high computational efficiency, according to He and Zhang [3] . Table 1 .
The one-dimensional fluid model is mainly composed of the following basic equations. One is the continuity equation of describing the dynamic behaviors of electrons, ions, and neutral species produced in the discharges. The general form of the continuity equation is ∂n e,i, * ∂t
where n is the particle density, Γ is the particle flux density, S denotes the source and loss items of particles, and subscripts e, i, and * represent electron, ion, and metastable species, respectively. Additionally, particle fluxes in the drift-diffusion form are given by
where µ is the mobility, D is the diffusion coefficient, and E is the electric field. We use the ScharfetterGummel scheme to numerically solve Eqs. (2) and (3) to obtain the charged particle fluxes [24, 25] . The current conservation equation, which can obtain the electric field E, is given by
with
where ε 0 is the permittivity of free space, V a is the applied voltage, J g is the discharge current density, d g is the gap width, d s is the dielectric thickness, and ε r is the dielectric constant.
In order to solve the system of the above equations, the initial densities of particles and boundary conditions need to be defined. Here, the initial densities of electrons, positive ions, and excited species in the gap are uniform and fixed at 10 7 cm −3 according to Refs. [26, 27] . The densities of electrons and ions at the barrier surfaces are taken as constant [27−29] . It should be pointed out that as the constant boundary model is adopted in our work, only secondary electron emission is accounted for and the charge emission on the surface has not been considered. This work is mainly focused on the averaged spatial distributions of various particles in the discharge, so the charge on the barrier surface may present no considerable influence on the calculated results.
The total electron flux density Γ e at the cathode surface is given by
where γ is the emission coefficient of the secondary electron at the dielectric surface due to ion impact. The electron energy equation of describing the electron temperature can be expressed as
where k is the Boltzmann constant, r i is the rate of progress of the ith reaction, ∆ε i is the energy loss per electron in an inelastic collision event caused by the ith reaction, T e is the electron temperature, and the electron thermal flux Q is obtained by
with λ e = 5 2 kD e n e . In this work, as shown in Fig. 1 , the atmospheric pressure DBD is sustained between two parallel-plate electrodes, and each electrode is covered with dielectric. For the two electrodes, one is grounded (grounded electrode) and the other (powered electrode) is of the applied voltage. [20] 29 
Results and discussion
Using the aforementioned fluid model in conjunction with the considered chemical reactions, the effects of oxygen concentration ranging from 0.1% to 1.1% on the pulsed DBD in He-O 2 mixture at atmospheric pressure have been simulated. In the following text, the examination for the reliability of the model used in the present work is first made, and then the characteristics of the pulsed DBD in He-O 2 mixture are given for leading the exploration of the oxygen concentration effects.
Characteristics of the pulsed DBD in He-O 2 mixture
An experiment on the pulsed dielectric barrier glow discharge at atmospheric pressure in He-O 2 mixture has been performed by Walsh et al. [8] , presenting the discharge current in a single circle of the applied voltage pulse. For the purpose of justifying the model used in the present simulations, the operating parameters are chosen as the same as those in Walsh et al. [8] , i.e. the dielectric constant ε r =6.5, the dielectric thickness d s =0.1 cm, the secondary electron emission coefficient γ=0.02, and the gap width d g =0.2 cm. Besides, the pulse width, amplitude and frequency of the applied voltage V a are fixed at 200 ns, 4 kV, and 5 kHz, respectively, the rising time (=falling time) of V a is less than 20 ns, and oxygen concentration is taken as 0.5%. Fig. 2 presents a comparison between the discharge currents from the experiment of Walsh et al. [8] (a) and from the present simulation (b), whereas the respective applied voltage waveform for the experiment and simulation is also displayed in the corresponding sub-figure for indicating the correlation between the discharge current and the applied voltage. From  Fig. 2 , it can be observed clearly that during a single circle of V a , there are two discharges, occurring at the rising edge and falling edge of V a , respectively, as is well known in pure noble gases [30, 31] . In addition, the discharge current obtained by our model is in smooth behavior and presents short duration, compared to that given by the experiment in Fig. 2(a) , which means that the average dissipated power due to our model is slightly low in contrast with that shown by the experiment. In practice, there are many uncontrollable factors impacting the experiment, and also there are stray capacitors between the electrodes and the air. These may induce both large dissipated power in the experiments and the pulse voltage in the jitter, as observed in Fig. 2(a) . In spite of the above, the temporal characteristic of the calculated discharge current is in reasonable agreement with the experiment, and the respective maximum for the two discharge currents from the simulation is approximately equal to that from the experiment. These show the reliability of the present model including the choices of key species and chemical reactions. For a better understanding of the characteristics of the pulsed DBDs in He-O 2 mixture, the axial distributions of the electrical field and charged particle densities have been calculated at the time point t a , as marked in Fig. 2(b) , where the discharge current gets its peak. Fig. 3 displays these distributions. From Fig. 3 , the following characteristics can be drawn. The dominative positive and negative particles are He Fig.3 Axial distributions of the electric filed Eg and the charged particle densities at the time ta Besides, there is a respective peak for the electron density and He * density nearby the momentary cathode (MC), and these two densities become approximately equivalent in a wide area toward momentary anode (MA). The other particle densities except for the above are negligibly small. These characteristics suggest that there is a quasi-neutral plasma bulk in the gap. Observing further the distribution of the electric field E g in the gap from anode to cathode, E g maintains at a lower level in the area corresponding to the quasi-neutral plasma bulk, and then increases evidently and quickly near cathode. This behavior plus those of the axial distributions of all the particle densities nearby MC indicates the formation of cathode fall. According to the above results, i.e., the distribution characteristics of both the electric field and the quasineutral plasma bulk in the gap, it can be concluded that the discharge is in glow mode under the considered operating parameters.
As mentioned earlier, the reactive oxygen species in He-O 2 plasma play an important role in wide biomedical applications. Therefore, it is desirable to explore the distribution characteristics of the ROS in the gap as well as the corresponding mechanisms. To this end, the axial distributions of the densities of the reactive oxygen species, at the time t a have been calculated and are presented in Fig. 4 . According to Fig. 4 , it is clear that the densities of O 3 and O( 1 D) are very small, the densities of O and SDO reach their maximums about at the central position of the gap, and the density of O is evidently large in contrast with the others. From the point of view of reaction dynamics, the reason for the differences between the density distributions of these four reactive oxygen species can be given below. According to the reactions listed in Table 1 , the ground state O is produced mainly through four reaction paths, i.e., reactions 11, 12, 16, and 28.
In these four reactions, the oxygen molecule is involved and the corresponding reaction rate parameters are high, resulting in the large density of the ground state O. In addition, although the excited atomic oxygen O( 1 D) is also formed via reaction 12 with the higher rate of 1.12×10 21 s −1 , the density of O( 1 D) is obviously small because of reaction 28, where the quenching rate of O( 1 D) by O 2 is high. SDO is mainly produced by reaction 14 and is consumed by the absorbing electron due to reaction 13, presenting its small density. The production of O 3 derives mainly from reaction 23, where O impacts on O 2 , namely, the density of O 3 is influenced by O. In spite of the participation of O 2 as well as the large density of O shown above, the density of O 3 is much smaller, which is due in large part to the small rate coefficient of reaction 23. Here, the influences of O 2 concentration on the pulsed DBD in He-O 2 mixture are systematically investigated. The influences are characterized through several physical quantities versus O 2 concentration. These physical quantities include the discharge current density J g , the averaged dissipated power density P ave , the averaged density of the ROS, the averaged electron density N e ave , and the averaged electron temperature T e ave . The operating parameters are set as follows: ε r =7.6, d s =0.15 cm, γ=0.02, and d g =0.3 cm. Besides, the pulse width, amplitude, and frequency of the applied voltage V a are fixed at 600 ns, 4 kV, and 5 kHz, respectively, and O 2 concentration varies from 0.1% to 1.1%. Fig. 5 presents the discharge current density J g as a function of time t under the different O 2 concentrations. From Fig. 5 , the two characteristics of J g versus O 2 concentration can be clearly understood. One is that with the increase of O 2 concentration, the values of the two peaks of J g in a single circle of V a decrease and the positions of the peaks shift in the direction of time, in other words, there is a time lag of the ignition for the two discharges. The other is the strong influence of O 2 concentration on the second discharge, when compared to the first one, especially for a large O 2 concentration. The reason for the former may be explained as follows. As the O 2 concentration increases, there will be more molecular oxygen in the gap, leading to much absorption of electrons during the discharge. This not only makes the discharge become weak, but also induces the discharge to slow down. For the latter, the reason is inextricably related to the first discharge. The increase of O 2 concentration leads to more adsorption of electrons, weakening the ionizations due to direct electron impact and thus decreasing the discharge currents. As mentioned in Ref. [32] , the second discharge arises from the space charge effect formed by the residual charges from the first discharge. Increasing O 2 concentration, therefore, the currents of the first discharge decrease and in turn the residual charges decrease, weakening the second discharge. In addition, more adsorption of electrons induced by the increase of O 2 concentration also directly makes the second discharge weak. These two causes produce a stronger effect on the second discharge than on the first one where the influence of the second discharge on the first one is small because of the long pulse being extinguished. From Fig. 6 , P ave increases obviously for O 2 concentration below about 0.5%, and then the increase becomes slow until O 2 concentration gets about 0.9%, where P ave starts to decrease slowly. The dissipated power density is a product of the discharge current density and the gap voltage, and P ave is equivalent to the ratio of the average value of the dissipated power density in one circle of the applied voltage to the gap width. As pointed out above, the breakdown voltage increases evidently with increasing O 2 concentration. This makes P ave increase, in spite of the decrease of the discharge current density. When the oxygen concentration is larger than 0.5%, the two aspects, i.e., the increase of the breakdown voltage and the decrease of the discharge current density, get balanced gradually and in turn P ave increases less obviously. ) is negligibly small. According to the above, the total density of all four reactive oxygen species reaches its maximums at an O 2 concentration of about 0.5%. Hence, it can be further convinced that the O 2 concentration of about 0.5% is an optimal ratio of inactivating the bacteria and biomolecules when radiated by using the plasmas produced in the He-O 2 mixture [33, 34] .
Discharge current density J g

3.2.3
Averaged electron density and averaged electron temperature Fig. 7 shows the averaged electron density N e ave and the averaged electron temperature T e ave as a function of O 2 concentration. It is clear that with the increase of O 2 concentration, the two densities decrease, but the decrease is evidently for the electron density and nearly linearly for the electron temperature. Such variation of N e ave and T e ave with O 2 concentration may be attributed to the following. As O 2 concentration increases, the He-O 2 plasma discharge turns to be more electronegative. Thus, more electrons are attached by molecular oxygen and the power coupled to the electron density decreases exponentially [35] . At the same time, the frequent collisions between electrons and oxygen species result in the decrease of electron temperature.
Conclusion
This work indicates a systemic study on the effects of O 2 concentration on the pulsed dielectric barrier discharge in helium-oxygen mixture at atmospheric pressure, using a one-dimensional fluid model. The reliability of the used model including the choice of key species and chemical reactions has been justified by the calculated discharge current in reasonable agreement with the experiments. The present simulations give the following significant results.
For the discharge characteristics, the dominative positive and negative particles are He For the O 2 concentration effects, the increase of O 2 concentration results in increasingly weak discharge and the time lag of the ignition, and O 2 concentration impacts strongly the second discharge, compared to the first one, in a single circle of the applied voltage. Besides, in the O 2 concentration range below 1.1%, the density of O is much higher than other species, the averaged dissipated power density presents an evident increase for small O 2 concentration and then the increase becomes weak. In particular, the total density of all the reactive oxygen species reaches its maximums at the O 2 concentration of about 0.5%. This characteristic agrees well with the experimental observation that the O 2 concentration of 0.5% is an optimal O 2 /He ratio in the inactivation of bacteria and biomolecules when radiated by using the plasmas produced in the helium oxygen mixture [33, 34] .
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